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PLANT SPECIES RICHNESS AT DIFFERENT SCALES IN NATIVE
AND EXOTIC GRASSLANDS IN SOUTHEASTERN ARIZONA
Steven P. McLaughlin1 and Janice E. Bowers2,3
ABSTRACT.—Species richness in Madrean mixed-grass prairies dominated by native or exotic species in southeastern
Arizona was characterized at the community and point scales using ten 1-m2 quadrats nested within each of eight 1000m2 plots. In the 1000-m2 plots average richness was significantly higher in oak savanna (OS, 121.0 species) than in exotic
grassland on mesa tops (EMT, 52.0 species), whereas native grassland on mesa slopes (NMS, 92.5 species) and native
grassland on mesa tops (NMT, 77.0 species) did not differ significantly in richness from OS or EMT. When richness was
partitioned by life form, EMT was notably poorer than other community types in species of perennial grasses, perennial
herbs, and summer annuals. In the 1-m2 quadrats, OS (21.2 species), NMS (20.9 species), and NMT (20.7 species) were
significantly richer than EMT (5.9 species). Cover in 1-m2 plots was significantly higher in EMT than in NMT, NMS, or OS.
Species richness at the point scale showed a unimodal relation to canopy cover, with cover accounting for 30% of the
variation in number of species in 1-m2 quadrats. Competitive exclusion and allelopathy have perhaps limited species
richness at the point scale in exotic grassland. There was no evidence of a species-pool effect between point and community scales, but such an effect between community and landscape scales was supported. Madrean mixed-grass
prairies are landscapes with high species richness in comparison to other grassland types in North America, providing a
large pool of potential colonizing species at the community scale. Beta-diversity (between communities) within the landscape of the Appleton-Whittell Research Ranch was consequently high despite a relative lack of habitat diversity.
Key words: species richness, grasslands, exotic species, invasive species, species pools, Madrean mixed-grass prairie,
Arizona.

Eragrostis curvula (Schrad.) Nees var. conferta Stapf (Boer lovegrass) and E. lehmanniana
Nees (Lehmann lovegrass), C4 perennial grasses
native to South Africa, were planted in many
places in southeastern Arizona in the 1930s and
1940s. These species have had marked impacts
on native grasslands in the region, including
altered fire frequency (Cable 1971, Anable et
al. 1992); reduced diversity and abundance of
native rodents, grasshoppers, and birds (Bock
et al. 1986); reduced cover of native shrubs,
grasses, and herbs (Bock et al. 1986); and reduced richness of native herbs and grasses
(Bock et al. 1986). Efforts to remove these
exotics by burning, mowing, mulching, and
chemical application have been largely ineffective or extremely costly, and both species
have continued to spread in native grasslands
since they were introduced (Cable 1971, Anable
et al. 1992).
Given this persistent threat to biodiversity
of grassland communities, we undertook a baseline study at a grassland site protected from
domestic livestock grazing for nearly 30 years.

Our objectives were to characterize plant species richness in southeastern Arizona grassland at multiple spatial scales and to compare
native-dominated and exotic-dominated communities in terms of species richness and lifeform diversity. A previous study of grassland
diversity at our site (Bock et al. 1986) sampled
point-scale species richness in small quadrats of
unspecified size centered on 72 points along
line transects. Because measures of diversity
are scale dependent (Huston 1999, Loreau
2000), we assessed species richness at the
community (1000-m2) and point (1-m2) scales.
Numerous studies worldwide have used 1000m2 plots to examine richness at the community scale (Gentry 1988). Because estimates of
diversity vary widely according to sampling
season and effort (West and Reese 1991, Klimes
et al. 2001), we determined cumulative species
number by sampling 2–3 times during the
growing season for several years. Finally, because species richness has been reported to
increase with community productivity to a
certain point and then decrease as competitive
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exclusion drives out less competitive species
(Huston 1979, Tilman 1982, 1993), we compared
native and exotic grassland using canopy cover
at the point scale as a measure of productivity.
STUDY AREA
Our study area was the Appleton-Whittell
Research Ranch (hereafter “Research Ranch”)
in northeastern Santa Cruz County, Arizona.
This 3240-ha reserve is owned and operated
by the National Audubon Society. The Research
Ranch is located at 31°35′N, 110°30′W and
lies between 1417 m and 1570 m above sea
level. The flora comprises 473 native species
and 38 exotic species (McLaughlin et al. 2001).
The Research Ranch has not been grazed by
domestic livestock since 1969 (Bock and Bock
1986).
The topography of the Research Ranch is of
nearly level mesas dissected by broad or narrow drainages. Grasslands occur on the mesa
tops, and oak savannas are found in shallow
drainages and on east- and north-facing slopes
of major ravines. The grassland has been described as Madrean mixed-grass prairie (Bock
and Bock 2000) and is dominated by C4 perennial bunchgrasses, primarily Bouteloua gracilis (Kunth) Lag., B. curtipendula (Michx.) Torr.,
and Eragrostis intermedia Hitchc. Stands dominated by the exotic grasses Eragrostis curvula
and E. lehmanniana are confined mostly to mesa
tops. Eragrostis curvula was seeded at the
Research Ranch in 1949 (Audubon Research
Ranch 2003) and probably has not spread far
beyond the original plantings (J. Bock personal
communication). Oak savanna at the Research
Ranch is typical Madrean evergreen woodland
(Brown 1982) with an overstory of Quercus
emoryi Torr., Q. arizonica Sarg., and Q. oblongifolia Torr.
At the nearest long-term weather station
(Canelo, Arizona, a distance of about 5 km from
the Research Ranch), average annual precipitation from 1910 to 2003 was 460 mm; mean
temperature in June, the hottest month, was
32.4°C; and mean temperature in January,
the coldest month, was −3.3°C (WRCC 2004).
About two-thirds of the annual precipitation
arrives in summer (July–September; Bock and
Bock 1986). The winter rainy season is less welldefined but generally lasts from November
through February.
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METHODS
Data Collection
Although Eragrostis lehmanniana appears
to be more widespread at the Research Ranch
than E. curvula, the latter has stronger dominance where it occurs, suggesting that its
effects on native species might be more pronounced than those of E. lehmanniana. Therefore, in our comparison of exotic and native
grassland, we focused on E. curvula. In September 1997 we established a single 1000-m2
plot (50 m × 20 m) in each of 3 plant communities: oak savanna (OS), native grassland on a
mesa slope (NMS), and exotic grassland on a
mesa top (EMT). The EMT plot was dominated by E. curvula, the other plots by mixtures of native species. We established a 2nd
plot in each community type in April 1998. In
August 1999 we established 2 additional 1000m2 plots in native grassland on mesa tops
(NMT). Plot placement was essentially at random in EMT and NMT, which occupy large
patches at the Research Ranch. Patches of OS
and NMS are much smaller at the study area,
and we centered our plots within patches of
suitable size. In all cases, we chose plot locations solely on the basis of vegetation physiognomy and not on any a priori evaluation of
their species richness. Mapped soil type (White
House gravelly loam) was the same for all plots.
Fire history of the plots varied, but none burned
between July 1987 and April 2002 (L. Kennedy
personal communication). Within each plot we
randomly placed ten 1-m2 quadrats (0.5 m ×
2.0 m). Quadrats were established in the OS,
NMS, and EMT plots in June 1999 and in the
NMT plots in August 1999. Plots and quadrats
were permanently marked with metal stakes.
We recorded all plant species present in
the entire plot and in each of the quadrats at
the time of establishment; during successive
inventories we noted any additional species.
Plots in OS, NMS, and EMT were reinventoried in May 1998, July 1998, August 1998, and
September 1998. Plots and quadrats in all 4
community types were reinventoried in September 1999, October 1999, April 2000, and
May 2001. At the end of the study, we determined species richness (cumulative number of
species) for each plot and quadrat. We estimated
total herbaceous cover (%) in each 1-m2 quadrat in late August 1999 at the peak of the growing season. Two observers estimated percent
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Fig. 1. Temporal change in species richness in 4 community types and 8 plots at the Research Ranch, Arizona. Values
above bars denote percent change in number of species between first year and final year of measurement. Community
types: OS = oak savanna, NMS = native grassland on mesa slopes, NMT = native grassland on mesa tops, EMT =
exotic grassland on mesa tops. Plot numbers shown in parentheses.

cover independently; these values were averaged to give an average cover value for each
quadrat.
Data Analysis
We used separate analyses of variance
(ANOVA) followed by post hoc Tukey pairwise
multiple comparisons to see if the 4 community types (OS, NMS, NMT, EMT) differed
significantly in species richness at the community or point scales. For the point scale we
produced a dominance-diversity curve by
ranking all species in the 80 quadrats by frequency and then plotting the frequency distribution as a function of rank (Whittaker 1975).
To compare canopy cover in 1-m2 quadrats
among the 4 community types, we used ANOVA
followed by post hoc Tukey pairwise multiple
comparisons. We used nonlinear regression to
examine the relation between cover and species
richness in 1-m2 quadrats. To compare diversity of life forms among community types we
assigned each species to 1 of 8 life forms: winter annual, summer annual, biennial, perennial
herb, perennial grass, succulent, shrub, or tree.
We used separate chi-square tests to compare
plots in terms of species richness (number of
species) of winter annuals, summer annuals,

perennial herbs, perennial grasses, succulents,
and shrubs.
RESULTS
Species Richness
In our 8 community-scale plots (1000 m2)
we recorded a total of 233 species, finding
45.6% of the flora of the Research Ranch in
just 0.025% of the area. This is not surprising
since OS, NMS, NMT, and EMT are the major
community types at the Research Ranch, occupying >90% of its areal extent. Species known
from the Research Ranch flora but not found
on our plots were mostly plants of riparian
habitats, disturbed areas, or rare substrates such
as rock outcrops. Richness on the plots increased
with sampling effort (i.e., number of years; Fig.
1); from first to final year of sampling, the
average increase across all plots was 24.0%.
Cumulative number of species (2 plots per community type) was OS (134, 108); NMS (100,
85); NMT (80, 74); and EMT (58, 46). There
were significant differences in richness among
community types (F = 12.35, P = 0.02) because
of the contrast between EMT and OS (P =
0.01). NMS, NMT, and EMT did not differ
significantly in richness even though they did
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Fig. 2. Frequency distribution (numbers of species recorded from 1 to 8 plots) at the community scale at the
Research Ranch, Arizona.

not overlap in numbers of species; small sample size undoubtedly contributed to the lack of
significance. Most species at this scale were
recorded from just 1 or 2 plots (Fig. 2). In the
8 plots we found only 4 exotic species distributed as follows: OS (2, 1); NMS (1, 1); NMT
(4, 2); EMT (2, 2). Total species richness was
thus due almost entirely to native species.
In our 80 point-scale quadrats (1 m2), we
found a total of 148 species. The dominancediversity curve for this sample, based on frequency of occurrence, was essentially lognormal in shape (Fig. 3). Point-scale richness
averaged 21.2 species ⋅ m−2 in OS, 20.9 species ⋅ m−2 in NMS, 20.7 species ⋅ m−2 in NMT,
and 5.9 species ⋅ m−2 in EMT. On average,
quadrats in EMT supported 72% fewer species
⋅ m−2 than quadrats in other community types.
Analysis of variance showed that there were
significant differences in point-scale richness
among community types (F = 9.85, P = 0.03)
because of the contrasts between EMT and
each of the other 3 types (P = 0.04). Richness
of the ten 1-m2 quadrats was positively related
to richness of the corresponding 1000-m2 plot
(r2 = 0.59, P = 0.04; Fig. 4). However, this
effect was due entirely to the EMT plots. When
the EMT plots were removed, there was no
relation between point- and community-scale
richness for the OS, NMS, and NMT plots
(Fig. 4).
Cover and Richness
Canopy cover ranged from 40.4% to 79.6%
(Table 1). Community types differed signifi-
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Fig. 3. Dominance-diversity curve based on frequencies of species in eighty 1-m2 quadrats at the Research
Ranch, Arizona. Species were ranked by their frequency
values along the x-axis from high to low frequency.

cantly in cover (F = 19.82, P < 0.001; Table 1);
in particular, cover of EMT was significantly
higher than that of NMT (P = 0.047), NMS (P
< 0.001), and OS (P < 0.001). Species richness
at the point scale showed a unimodal relation
to canopy cover when all community types were
included in the regression (Fig. 5), with cover
accounting for 30% of the variation in number
of species in 1-m2 quadrats. Without EMT quadrats, however, the relation between canopy
cover and species richness no longer held (r2
= 0.02).
Life Form Diversity and
Species Abundance
On the 1000-m2 plots, perennial herbs and
summer annuals comprised 43.4% and 22.3%
of the combined plot floras. Perennial grasses,
winter annuals, and shrubs were 12.9%, 9.9%,
and 5.2% of the combined plot floras. Trees,
biennials, and succulents were minor components (<5%). Chi-square tests showed significant differences among plots in number of
species of summer annuals (χ2 = 46.3, P <
0.001), perennial herbs (χ2 = 17.2, P = 0.016),
and perennial grasses (χ2 = 16.9, P = 0.018).
In particular, EMT was notably poorer in species of perennial herbs, perennial grasses, and
summer annuals than other community types
(Table 2). Plots differed little in number of species of shrubs, winter annuals, or succulents.
Of the 30 most frequent species (Table 3),
only 3 were recorded from half or more of the
80 quadrats. Although the vegetation is clearly
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Fig. 4. Relation between number of species in 1000-m2 plots (x-axis) and mean number of species in ten 1-m2
quadrats (y-axis) at the Research Ranch, Arizona. Community types: OS = oak savanna, NMS = native grassland on
mesa slopes, NMT = native grassland on mesa tops, EMT = exotic grassland on mesa tops.

Fig. 5. Relation between percent cover and number of species in each of eighty 1-m2 quadrats in 4 community types
at the Research Ranch, Arizona. Community types: OS = oak savanna, NMS = native grassland on mesa slopes, NMT
= native grassland on mesa tops, EMT = exotic grassland on mesa tops.
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TABLE 1. Mean percent canopy cover in 4 community
types at the Research Ranch, Arizona. Values represent an
average of twenty 1-m2 quadrats. Community types: EMT
= exotic grassland on mesa tops, NMT = native grassland
on mesa tops, OS = oak savanna, NMS = native grassland on mesa slopes. Means followed by the same letter are
not significantly different (α = 0.05).
Community type
___________________________________
EMT
NMT
OS
NMS
Cover (%)
s

79.6 a
17.73

65.5 b
18.30

53.3 bc
13.96

40.4 c
17.05

grassland or oak savanna in physiognomy, just
9 of the 30 were perennial grasses (Table 3).
Only 2 of the 30 most frequent species were
exotics.
DISCUSSION
Species Richness at
the Point Scale
At the point scale, average richness ranged
from 5.9 species ⋅ m−2 to 21.2 species ⋅ m−2, with
a grand mean of 17.2 species ⋅ m−2. These values
were not exceptional compared to other grassland sites. Species richness in our quadrats
was similar to that at Konza Prairie, for example, where Collins et al. (1998) found 5.6–16.0
species ⋅ 10 m−2 on average . In contrast, Kull
and Zobel (1991) reported a maximum of 63
species ⋅ m−2 in annually mowed meadows in
Estonian grasslands, and Cantero et al. (1999)
found up to 89 species ⋅ m−2 in mountain grassland in Argentina. At the Research Ranch, Bock
et al. (1986) found an average of 6.6 grass species and 7.4 herbaceous species on 36 quadrats
in native grassland. Our inventories of forty
1-m2 quadrats in NMT produced about the same
number of grass species (5.4 species ⋅ m−2) but
many more herbaceous species (15.3 species ⋅
m−2). In grassland dominated by exotics, Bock
et al. (1986) found 4.8 grass species and 4.4
herbaceous species per quadrat. Our averages
in EMT were lower for grass species (1.3 species ⋅ m−2) and about the same for herbaceous
species (4.6 species ⋅ m−2). Differences between
NMT and EMT were highly significant both
for grasses (t = 12.79, P < 0.001) and for
herbaceous species (t = 12.77, P < 0.001).
Richness of the ten 1-m2 quadrats was positively related to total plot richness (Fig. 4) only
when the EMT plots were included in the
analysis. Otherwise, richness in native com-
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munities did not predict richness at the point
scale, an indication that there was no speciespool effect (Lawton 1999); that is, richness was
limited by interactions and processes at the
local level rather than by the size of the regional
species pool. Richness on the 1-m2 quadrats
was likely constrained by physical factors that
determined plant density such as low soil moisture and seasonal drought.
Species Richness at
the Community Scale
The log-normal shape of the dominancediversity curve (Fig. 3), with few abundant species and many uncommon and rare taxa, was
typical of species-rich communities (Whittaker
1975). Comparison with other grassland sites
supported that interpretation. Richness at the
community scale (1000 m2) was highest in OS
(x– = 121.0 species) and lowest in EMT (x– =
52.0 species). NMS (x– = 92.5 species) and
NMT (x– = 77.0 species) were less rich than
OS but still considerably richer than many
other grassland communities in temperate
zones. Moir and Bonham (1995), for example,
found just 29, 30, and 32 species on three
2000-m2 plots in desert grassland in New
Mexico. Singh et al. (1996) found from 38 to
53 species in 1600-m2 plots in short-grass
prairie in Colorado. Stohlgren et al. (1998)
reported average richness values ranging
from 23.7 to 56.5 native species and 1.0 to 9.5
exotic species per 1000-m2 plot at 4 plains
grassland sites in Colorado, South Dakota, and
Montana. In grasslands at high elevations in
the Rocky Mountains, Stohlgren et al. (1999)
found 9.0–50.0 native species and 0.5–8.5
exotic species per 1000-m2 plot. Only a few
grassland locations approached the Research
Ranch in terms of richness at the community
scale. In 200-m2 plots at Konza Prairie, Kansas,
number of native species per plot averaged
45–65 and reached a maximum of 79–95 (Collins
et al. 1998). Cantero et al. (1999) reported average richness values of 57.2–67.4 species per
900-m2 plot in mountain grasslands in Argentina; richness values of 100–130 species were
found in about 15% of the plots.
The species-pool effect may account in part
for high richness at the community scale at the
Research Ranch. Evidence of this effect is indirect but compelling. First, the regional flora is
very rich. High richness at the regional scale
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TABLE 2. Distribution of life forms in 4 community types and 8 plots at the Research Ranch, Arizona. Values represent
number of species of each life form. Community types: OS = oak savanna, NMS = native grassland on mesa slopes,
NMT = native grassland on mesa tops, EMT = exotic grassland on mesa tops.
Community type
________________________________________________________________________________
OS
NMS
NMT
EMT
_______________
_______________
_______________
_______________
Life form
Shrub
Succulent
Perennial herb
Perennial grass
Summer annual
Winter annual
Tree
Biennial

Plot 1

Plot 4

Plot 2

Plot 6

Plot 7

Plot 8

Plot 3

Plot 5

7
3
41
12
32
10
2
1

7
4
57
19
35
8
3
1

7
8
40
18
17
9
0
1

4
4
43
13
15
5
0
1

4
2
34
12
11
9
0
2

2
4
34
17
14
8
0
1

5
2
28
9
8
5
0
1

4
2
27
2
6
5
0
0

provides a large number of potential colonizing species, most of which are infrequent within individual communities (Lawton 1999). Measured as the number of species per unit area
(S ⋅ [ln ha]−1), Madrean mixed-grass prairies of
southern Arizona are comparable to the richest tall-grass prairie sites and are considerably
richer than most short-grass or mixed-grass
prairie sites in the central and western United
States (Table 4). In comparison to many other
grassland sites, therefore, communities at the
Research Ranch can draw upon a large species
pool. Second, the great majority of species at
the community scale occurred in just 1 or 2
plots; very few species were found in all 8 plots
(Fig. 2). In other words, high richness at the
community scale was not a function of withinquadrat richness, which was not especially
high, but rather of variation in species composition between quadrats, often referred to as
pattern richness (Whittaker 1977). Third, there
was a large number of codominant species
within the plots, and no single species showed
strong dominance, as measured by frequency
(Table 3). Finally, topographic relief at the
Research Ranch is small, and there is little
variation in soil types; thus, we found high βdiversity (sensu Whittaker 1977) despite little
apparent habitat variation across the landscape.
A second reason for high richness at the
community scale in our study was greater
sampling effort. We determined cumulative
number of species during 2 or 3 years, making
2–3 visits annually. Moir and Bonham (1995),
in contrast, estimated species richness on the
basis of single 20-minute inventories. Had we

stopped sampling at the end of the first year, we
would have underestimated species richness
by 13% to 36% (Fig. 1). Moreover, our spring
and summer sampling also augmented richness of our plots. Stohlgren et al. (1998, 1999)
sampled their grassland sites once at “peak plant
phenology.” Elsewhere, this strategy underestimated total species richness by 30% (West
and Reese 1991). At the Research Ranch, most
annual herbs and herbaceous perennials bloom
between July and September in response to
summer rains, but 18% of perennial herbs and
23% of annual herbs flower in spring in response
to winter rains (data not shown). Had we sampled at the Research Ranch only in summer,
we would have overlooked these species.
There is inevitably a trade-off between the
number of inventories that can be made and
the amount of effort that can be invested in
each inventory. One-time inventories that provide an instantaneous measure of richness are
useful for comparative studies within a region.
However, since our objective was to gain a
better understanding of regional and global
patterns of richness, we chose instead to make
intensive and thorough inventories of a few
carefully selected areas.
Effect of Exotics on Richness
Our study did not duplicate recent research
suggesting that numbers of native and exotic
species are positively correlated in a variety of
communities and at several scales (Lonsdale
1999, Stohlgren et al. 1999, Sax 2002). Exotic
species were only a small proportion (7.4%) of
the total flora of the Research Ranch (McLaughlin et al. 2001) and were mostly associated with
disturbances, such as roadsides, wells, and cattle

Lifeform

Summer annual
Perennial herb
Perennial herb
Summer annual
Perennial grass
Summer annual
Exotic summer annual
Perennial grass
Winter annual
Perennial herb
Perennial grass
Perennial grass
Winter annual
Perennial grass
Perennial herb
Biennial
Summer annual grass
Winter annual
Perennial grass
Exotic perennial grass
Perennial grass
Summer annual
Summer annual
Perennial herb
Summer annual
Summer annual
Perennial herb
Perennial herb
Perennial grass
Perennial herb

Species

Portulaca umbraticola
Gnaphalium canescens
Machaeranthera pinnatifida
Ipomoea costellata
Bouteloua gracilis
Heliomeris longifolia var. annua
Mollugo verticillata
Bouteloua curtipendula
Gamochaeta purpurea
Sida abutifolia
Bouteloua chondrosioides
Eragrostis intermedia
Gilia mexicana
Lycurus setosus
Portulaca suffrutescens
Cirsium cf. ochrocentrum
Panicum hirticaule
Plantago patagonica
Aristida divaricata
Eragrostis curvula
Bouteloua hirsuta
Chamaesyce hyssopifolia
Sida spinosa
Convolvulus equitans
Acalypha neomexicana
Heterosperma pinnatum
Astragalus nothoxys
Evolvulus arizonicus
Hilaria belangeri
Hybanthus verticillatus

9
8
0
8
2
3
7
9
1
0
0
6
8
1
1
8
5
0
0
0
0
0
0
0
8
10
4
1
0
0

Plot 1
5
2
0
6
3
8
0
10
0
1
0
4
2
2
0
0
3
0
0
0
3
2
0
3
8
4
7
2
0
1

Plot 4
3
0
8
10
1
8
0
9
0
5
6
0
1
1
1
3
5
3
0
0
3
1
0
2
0
0
0
0
6
3

Plot 2
8
6
10
5
6
1
9
6
0
10
10
2
2
5
10
5
3
10
7
0
7
9
6
9
0
0
0
4
9
7

Plot 6
10
8
9
3
10
10
10
1
8
4
8
9
3
8
6
1
0
0
4
0
1
0
6
2
0
0
0
1
0
2

Plot 7
8
7
6
3
10
3
10
0
9
10
6
8
9
7
6
3
5
8
9
0
4
6
6
0
0
2
4
6
0
2

Plot 8
0
7
6
0
4
2
0
0
7
1
0
0
1
0
0
1
0
0
0
10
0
0
0
0
0
0
0
1
0
0

Plot 3
1
4
1
2
0
1
0
0
10
0
0
0
0
0
0
2
0
0
0
10
0
0
0
1
0
0
0
0
0
0

Plot 5

Community type
________________________________________________________________________________
OS
NMS
NMT
EMT
_______________
_______________
_______________
_______________
44
42
40
37
36
36
36
35
35
31
30
29
26
24
24
23
21
21
20
20
18
18
18
17
16
16
15
15
15
15

Total

TABLE 3. Frequency of dominant species on 1-m2 quadrats in 4 community types. Community types: OS = oak savanna, NMS = native grassland on mesa slopes, NMT = native
grassland on mesa tops, EMT = exotic grassland on mesa tops.
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38.8
34.3
31.6
31.4
37.5
31.5
36.8
41.7
42.8
38.8
47.4
37.1
32.3
34.8

31.2
48.8
40.9
41.2
39.8
46.3
41.9
40.6
39.3
42.8
41.5
42.8
37.0
37.2
35.6

McCulloch County, TX
Pembina County, ND
Seward County, NE
Keith County, NE
Republic County, KS
Emmons County, ND
Cuming County, NE
Pawnee Grassland, CO
Sheridan County, KS
Dawes County, NE
Banner County, NE
Cherokee County, IA
Morton County, KS
Red Hills, KS
Custer County, OK

Latitude
(°N)

Douglas County, KS
Arbuckle Mountains, OK
Research Ranch, AZ
San Rafael Natural Area, AZ
Konza Prairie, KS
Buenos Aires Refuge, AZ
Washington County, OK
Guthrie County, IA
Niobara Valley, NE
Saline County, KS
Norman County, MN
Mesa de Maya, CO
Taylor County, TX
Wichita Mountains, OK

Site

99.3
97.6
97.1
101.7
97.6
100.3
96.8
103.6
100.5
103.1
103.7
95.6
101.6
98.8
99.0

95.3
96.7
110.5
110.6
96.6
111.6
95.9
94.5
100.1
97.4
96.4
103.4
99.9
98.8

Longitude
(°W)

244
400
67
180
98
120
153
635
220
425
424
125
168
305
140

120
182
153
76
124
475
107
120
150
90
70
488
244
410

Relief
(m)

2777
2911
1483
2810
1865
3866
1476
1728
2310
3593
1930
1484
1904
1295
2852

1213
2227
32.4
14.4
35
455
1101
1555
219
1865
2292
364
2365
249

Area
(km2)

OS
TGP
TGP
MGP
TGP
MGP
TGP
SGP
MGP
MGP
MGP
TGP
MGP
TGP
TGP

TGP
TGP
MMP
MMP
TGP
MMP
TGP
TGP
MGP
TGP
TGP
SGP
SGP
TGP

Grassland
type

500
491
456
479
462
461
412
412
386
375
352
337
313
302
321

735
724
471
407
438
566
593
608
501
608
614
519
575
431

Native
species

39.9
39.0
38.3
38.2
38.1
35.8
34.6
34.2
31.3
29.3
28.9
28.3
25.7
25.7
25.6

62.8
58.8
58.3
56.0
53.7
52.8
51.1
50.9
50.1
50.1
49.7
49.4
46.5
42.6

Species/
ln ha

McGregor 1948
Dale 1956
McLaughlin et al. 2001
McLaughlin unpublished
Freeman and Hulbert 1985
McLaughlin 1992
McDonald 1974
Roosa et al. 1991
Churchill et al. 1988
Hancin 1939
Wheeler et al. 1991
Clark 1996
Mahler 1973
Eskew 1938, Buck and
Crockett 1962
Whisenant 1981
Willenbring and Barker 1971
Rolfsmeier 1988
Sutherland and Rolfsmeier 1989
Morley 1964
Williams and Barker 1975
Churchill 1979
Hazlett 1998
Weber 1932
Urbatsch and Eddy 1973
Hardy 1991
Carter 1962
Richards 1968
Barrell 1975
Mericle 1941

Source

TABLE 4. Geographic features and species richness of 29 grassland floras in the southwestern and central United States. Number of native species was determined after correcting
for synonymy. Values for geographic features were taken from the source or determined from topographic maps. Grassland types: TGP = tall-grass prairie, MGP = mixed-grass prairie,
MMP = Madrean mixed-grass prairie, SGP = short-grass prairie, OS = oak savanna.
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tanks. Our plots, purposely located in undisturbed habitats, supported very few (1–4) species of exotics, and communities dominated by
E. curvula were no more likely than others to
contain additional exotic species.
At the community scale, we did not find
significant differences in richness between
1000-m2 plots dominated by E. curvula and
those dominated by native species, with the
exception of the OS plots, which were more
than twice as rich on average as the EMT
plots. Oak savanna is a notably rich community type in Arizona (Bowers and McLaughlin
1982). At the Research Ranch, it is found in
shallow drainages and on slopes in major
ravines, habitats that are topographically very
different from the dry mesa tops where E.
curvula dominates. In terms of topography,
the NMT plots were much more similar to the
EMT plots, providing a more equitable comparison. Despite marked differences in lifeform diversity between NMT and EMT (Table
2; see also Bock and Bock 1986), the 2 community types did not differ significantly in
species richness (P = 0.065), even though NMT
averaged 25 more species per plot than EMT.
The NMT plots were established 1–2 years
after the EMT plots. Had we monitored all
plots for an equal length of time, native grassland on mesa tops might well have been significantly richer than exotic grassland in the
same habitat.
The effect of E. curvula on overall richness
was readily apparent at smaller scales; 1-m2
quadrats dominated by this exotic species
were substantially poorer than those dominated
by natives. As noted above, average number of
grass and herbaceous species in 40 quadrats
was significantly higher in NMT than in EMT.
Bock et al. (1986) similarly found significantly
fewer grass and herbaceous species in a sample of quadrats from grasslands dominated by
exotic species. Theoretically, exotics are most
likely to reduce overall species richness in
communities with low primary productivity,
such as deserts and semiarid grasslands, but,
even then, natives are unlikely to be displaced
unless exotics somehow change disturbance regimes (Huston 1994). At the Research Ranch,
however, we saw no evidence of altered disturbance regimes. At the start of our study, the
EMT plots had not burned for at least 11 years,
more than enough time for return to normal
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cover and density of grasses and herbs (Bock
and Bock 1992a, 1992b). Domestic livestock
had been absent for 29 years. We believe that
native species richness was reduced on the
EMT quadrats, not because exotics changed
disturbance regimes, but because these sites
had been plowed and seeded with E. curvula
in 1949. After the initial disturbance, native
species were evidently unable to displace E.
curvula, which at the start of our study remained
dominant where it had been sown nearly 50
years earlier.
We did not investigate specific mechanisms
underlying low richness in the EMT quadrats,
but our observations suggest 2 likely possibilities: competition and allelopathy. Competition
is frequently invoked to explain the impact
of exotic plants on native plant communities
(Levine et al. 2003). At the Research Ranch,
high cover of E. curvula compared to native
grasses (Bock et al. 1986) suggests that there is
a strong potential for competitive exclusion.
Experimental work indicates that E. curvula
can indeed be a strong competitor. In a replacement-series experiment with the perennial
grass Anthephora pubescens Nees, E. curvula
gained a large competitive advantage from its
higher leaf area index, leaf area duration, crop
growth rate, number of lateral tillers, and tuft
height (Mynhardt et al. 1994). Observations in
Australian pastures indicated that E. curvula
can have a marked effect on soil water balance
at a depth of 100 cm, affecting patterns of
deep drainage (Johnston et al. 2002). In southeastern Arizona, E. curvula becomes active in
late spring, whereas most native perennial
grasses do not grow or flower until summer
rains are well underway. By pre-empting soil
moisture before the start of the summer rainy
season, E. curvula might interfere with growth
of native grasses.
Despite high cover in the EMT quadrats,
there was still much bare ground available for
other species to occupy, suggesting that alleopathic effects might have excluded certain species, especially the summer annuals, perennial
herbs, and perennial grasses that are underrepresented on EMT plots (Table 2). Aqueous
root or shoot extracts of several invasive grasses,
including Cynodon dactylon (L.) Pers. (Kalita et
al. 1999), Sorghum halepense (L.) Pers. (GamezGonzalez et al. 2002), and Imperata brasilensis
Trin. (Casini et al. 1998), reduced germination
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and seedling growth of various cultivated plants
such as rice, wheat, and beans. Moreover,
leachate from seeds of E. curvula suppressed
germination of a leguminous herb (Murray
1998). At the Research Ranch, E. curvula may
have similar effects on species that germinate
during the warm season; such species would
include all summer annuals and most perennial herbs and grasses.
Whatever the cause of reduced plant species
richness in exotic grassland at our study site,
the impoverishment is likely to perpetuate itself.
In California, native annual forbs in former
grasslands were strongly seed-limited (Seabloom
et al. 2003); we suspect that the same is true of
summer annuals and native perennial grasses
at the Research Ranch. In contrast to seeds of
exotic lovegrasses, which have a high degree
of dormancy (Weaver and Jordan 1986, Voigt
et al. 1996) and probably persist in the soil for
several years, seeds of most native perennial
grasses are transient in the soil, forming small
seed banks or none (Major and Pyott 1966,
Rabinowitz 1981, Hassan and West 1986,
O’Shea-Stone 1988, Coffin and Lauenroth 1989,
Kinucan and Smeins 1992). Therefore, once
competition, allelopathy, or some other process
eliminates native grasses from a site, they are
unlikely to recover, especially given their low
rates of seedling survival in undisturbed stands
of exotic grasses (Biedenbender and Roundy
1996). Some summer annuals may also possess
short-lived seeds (e.g., Freas and Kemp 1983),
and, unless dispersal brings additional seeds
into the community, they too are likely to disappear. We believe that ecological interactions
such as competition and allelopathy have gradually depleted the seed banks of native species
over the approximately 50-year period that E.
curvula has dominated these sites.
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